Low-frequency Raman measurement was performed in alkali and alkaline-earth silicate glasses to elucidate the effect of introduction of network modifiers on boson peak nature. Our study illustrated that introduction of small/medium ions tended to increase in the boson peak frequency (½ BP ), whereas the introduction of large ions tended to decrease the frequency. Although ½ BP has been suggested to be proportional to the shear modulus, no linear relationship was obtained in these binary systems. Instead, we experimentally demonstrated that mean atomic volume can explain variations in ½ BP regardless of the trend of boson peaks.
Silicate minerals are widely deposited in the earth's crust, thereby making silicate glass easily available. Historically, silica and silicate-system glasses have been used in lenses, optical fibers, displays of mobile devices, etc. because of their good transparency and thermal/mechanical resistance, contributing greatly to the development of modern science and culture. Nowadays, silica/silicate glasses have been intensively investigated for applications in photonic technology. 1) 3) On the other hand, these glasses have also been valuable in themselves for providing an essential understanding of amorphous matter. For instance, the boson peak, which is a characteristic of glassy material, is the current topic of interest in physics: the boson peak is observed as an asymmetric broad band by means of Raman scattering in the low-frequency region (<100 cm ¹1 ).
4) The boson peak is also observed as excess heat capacity (C p ), which causes a maximum in the C p /T 3 T plot based on the Debye T 3 law in the low-temperature region. 5) In order to understand what the boson peak represents, researchers have made efforts to connect the boson peak nature to transverse acoustic phonons, and it has been suggested to be related to important physical characteristics of glass, for example, shear modulus, fragility, and physical aging.
6)10) Although silica glass has been studied to examine boson peak behavior, 11)16) there is very less information about binary systems or the effects of introduction of network modifiers into the system. 17)20) Therefore, we have studied the boson peak in binary alkali and alkaline-earth silicate glasses and have examined the effect of introduction of alkali and alkaline-earth ions (in terms of species and amount) on boson peak features.
Compositions of the binary system glasses examined in this study are listed in Table 1 . The glass samples were synthesized using a conventional melt-quenching technique. Reagent grade SiO 2 , which is a glass-network former, and R 2 CO 3 (R = Li, Na, and K) or RBCO 3 (RB = Ca and Ba), which are network modifiers, were mixed and then melted in a platinum crucible with a lid at 15001550°C for 11.5 h depending on the glass compositions. The reagents were obtained from Kojundo Chemical Laboratory Co., Ltd., Japan. Raman scattering in the samples was measured using an Ar + laser operated at 514.5 nm at room temperature. The Raman signal on the Stokes side was detected using a system comprising a triple-grating monochromator and a liquid-nitrogencooled charge-coupled device detector (HORIBA-Jobin Yvon, T64000). The intensity of the spectra in the low-frequency region was reduced by the BoseEinstein factor, thus producing the reduced intensity I red (½), as described by Shuker and Gammon:
where I obs (½) is the observed intensity, n(½,T) is the Bose Einstein factor, C(½) is the light-vibration coupling factor, and Table 1 . Glass composition, frequency at the maximum of the boson peak, ½ BP , and physical data used in this study: G is the shear modulus and V M is the mean atomic volume g(½) is the vibrational density of states (VDOS). 21) Although the C(½) depends on the frequency, it can be expressed to C(½) £ ½, regardless of the glass composition. 22 ),23) It is considered that there is no significant effect of the C(½) on the estimation/ analysis of the boson peak in glass systems in this study. 24) The reduced spectra were fitted using the log-normal function to evaluate the maximum frequency of the boson peak (½ BP ). 22 ), 25) In terms of physical data of the studied glasses (i.e., transverse sound velocity, v t ; shear modulus, G; and density, d), we utilized the reliable available data for the corresponding compositions reported so far. 26),27) In cases where elastic data was absent, we employed the MakishimaMackenzie method 28) for estimating G, e.g., in 38Li 2 O62SiO 2 . The ½ BP of silica glass was referred to the value given by Malinovsky and Sokolov.
4) The physical data used in this study are also summarized in Table 1 .
In Fig. 1 , we show the low-frequency Raman spectra of typical glasses investigated in this study. The Raman spectral measurement revealed an asymmetric broad band approximately ranging from ³30 to ³150 cm ¹1 . The boson peak and the values of ½ BP , which were analyzed by the log-normal function, are listed in Table 1 . Figure 2 shows the variation in ½ BP as a function of the amount of alkali (R) and alkaline-earth (RB) species. In the case of Li 2 O, Na 2 O, and CaOSiO 2 systems, in which the modifier ions have a small/medium size, the values of ½ BP increased with the amount of modifiers, and were larger than that of silica glass; these systems are designated as "type-I." On the other hand, in the case of K 2 O and BaOSiO 2 systems (large-sized ions), the values decreased with an increasing amount of modifiers, and were smaller than that of silica glass; these systems are designated as "type-II." Although McIntosh et al. found using Raman scattering measurements that the ½ BP value tends to increase with decreasing alkali ion mass/radius, they did not investigate the composition dependence of R-species.
17) Our study experimentally demonstrates the dependence of ½ BP on the species and their molar fractions in the various silicate systems. However, the trend of type-I seems opposite to that of type-II, which gives rise to an essential question: How can we comprehensively express the behavior? In an attempt to answer this question, we first compared the values of ½ BP to the elastic data in the binary glasses.
Shintani et al. has suggested on the basis of a numerical simulation that the boson peak is mainly related to the Ioffe Regel limit for transverse phonons. 7) In addition, the following relationship has been found on the basis of experimental observation: ½ BP £ G. 29) In Fig. 3 , we show the relationship between ½ BP and G in the studied glasses. All the points seem to have a positive correlation in accordance with the abovementioned descriptions. On the other hand, we can see that the plots are grouped by each R-and RB-species, and are extrapolated from the point of silica glass, which corresponds to 0 mol % of the modifier in the systems. Furthermore, we also notice that Na 2 O SiO 2 systems showed a decreasing trend of ½ BP with increasing G, whereas the K 2 O and BaOSiO 2 systems (type-II) showed an increasing trend of ½ BP with G. Thus, the generalization of boson peak frequency based on G is not necessarily appropriate despite the simplicity of these binary silicate systems.
Densified silica and lithium silicate glasses show a shift of ½ BP to a higher frequency when the glasses are subjected to compressive pressure.
12),16), 30) Since the densification effect is identical to the decrease in volume of glass in a system, we focused on the mean atomic volume (V M ) in the studied glasses; V M is defined as volume per atom, i.e.,
where M is the atomic weight, µ is the density, and n is the number of atoms in the chemical formula of the glass composition. 31) In Fig. 4 , we show ½ BP as a function of V M in the studied glasses, as we find a strong linear relationship between them. The straight line fit can be expressed as ½ BP = 1879.08V M (correlation coefficient: r = 0.952). As a result, to comprehensively characterize the boson peak in the different systems, application of the mean atomic volume is more suitable than the application of elastic properties. However, it should be emphasized that we do not deny Journal of the Ceramic Society of Japan 121 [12] 1012-1014 2013 JCS-Japan the connection between the variation in boson peak shift and the elastic properties, because the mean atomic volume is also related to the bulk modulus, which is affected by the interaction between ions.
31),32) Although the frequency of the boson peak was recently suggested to be independent of the bulk modulus on the basis of a simulation using mean field theory, 8) the relationship between the boson peak and bulk modulus has not been experimentally investigated. Therefore, it might fruitful for future studies to experimentally elucidate whether the bulk modulus is linked to the boson peak. In the present study, we showed a strong correlation between V M and ½ BP in the silicate glasses.
Relaxation dynamics in the glasses, i.e., elastic softening due to the glasssupercooled liquid (SCL) transition, and the crystallization process from the SCL phase, can be expressed by the variation in ½ BP . 33)35) In addition, Raman spectroscopy is a non-destructive microscale measurement. Therefore, boson peak analysis is expected to be useful for evaluating physical properties (e.g., V m ) or relaxation in micro-scale regions or on the surface of the glass materials that are produced by modern technology, e.g., chemically tempered glasses in which compressive stress exists below the surface. 36) In conclusion, the mean atomic volume, V M , representative of interatomic distance, is a primitive parameter for solid-state materials. To date, the relationship of the boson peak frequency with the shear modulus has been discussed. Our study demonstrated that ½ BP in silicate systems can be comprehensively described using V M . Indeed, a further study is necessary to consider the reason why V M governs the boson peak nature originating in the excess of VDOS. Nevertheless, finding an alternative parameter that can reliably explain variations in ½ BP is deemed to be worthwhile, and is expected to give a significant insight into not only amorphous physics, but also glass engineering/industry in combination with non-destructive microanalysis.
